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B
iliverdin reductase (BVR) is an evolutionarily conserved enzyme expressed in a broad range of tissues. It was initially characterized by its unique dual pH/cofactor reductase activity profile in the heme metabolism pathway. Recent studies have characterized the human BVR (hBVR) as a member of the rare type of dual-specificity (Ser/Thr/Tyr) kinases and an interactive kinase in the insulin/insulin-like growth factor 1 (IGF1)-signaling pathways (1) . hBVR is a soluble protein, whereas most tyrosine kinases, such as the insulin receptor kinase (IRK), are membraneassociated (2) . The extracellular signal-regulated kinases, ERK1/2, p38 and JNK, are the main subfamilies of MAPKs in the insulin/ IGF1-signaling pathways, with activation outcomes that include cell proliferation, differentiation, apoptosis, and immune response (3, 4) . The outcomes reflect altered expression of genes activated by a wide variety of stimuli, broadly categorized as growth factors and stress inducers (4) . The ERK1/2 kinases are primarily growth factor-activated, whereas p38 and JNK/SAPK1 are stress-activated. Other members of the ERK family, such as ERK3, -5, and -7, are less well characterized.
Several observations suggested the potential link between hBVR and ERK for the induction of gene expression. Both stimuli categories that activate MAPK also activate hBVR-including mitogens, cytokines, free radicals, and insulin (1, 5, 6) . MEK1/2 (MAPKK), the immediate upstream activator of ERK1/2, is activated by PKC, which plays a central role in the activation of ERK1/2 by cytokines (7) . Notably, hBVR is an activator of this PKC as well as the conventional PKC␤II (5, 6) and functions as an adapter/scaffold and intracellular transporter of the PKCs. Activation of PKCs and ERK is associated with the induction of AP-1 transcription factors (c-Jun, c-Fos, and ATF-2/CREB), which are downstream targets of MAPK (8) . Activation of hBVR has been correlated with the aforementioned AP-1 transcription factor induction and NF-B that acts downstream of the MAPK/PI3K/Aktsignaling cascade (9) (10) (11) ; the stress-activated enzymes HO-1 and iNOS are among the targets of the transcription factors (12) (13) (14) (15) . Moreover, an outcome of ERK activation is cell differentiation and proliferation; notably, the overexpression of hBVR results in a striking change in cell morphology (16) .
Many of the nearly 50 potential ERK substrates identified are crucial to ERK1/2-mediated changes in the gene expression profile and require its nuclear localization (17, 18) . The transcription factor Elk1 is among the nuclear targets of ERK. ERK is sequestered in the cytoplasm in complex with PEA-15, which also may function in ERK export from the nucleus (19) . Because ERK1/2 lack sequences required for nuclear import or export, the nuclear targeting of the activated dimeric proteins, which is an energy-dependent process, is mediated through association with NLS-and/or NES-containing soluble shuttling carrier(s) (17) (18) (19) . The identity of the nuclear import/export carrier for ERK1/2 remains unclear, although MEK1, which has a NES, and the scaffolding protein GAB1, which has a NLS but is not a kinase, have been suggested to play roles in nuclear trafficking of ERK.
Several features of hBVR led us to hypothesize that it is an ERK import/export carrier. Aside from being a kinase, hBVR has a functional NLS (6) and a leucine-rich segment, L 176 VSLFGELSL, which is a characteristic NES signal that functions in nuclear-export proteins (20) . In addition, the secondary structure of hBVR, as predicted by that of rat BVR, is favorable for protein-protein interaction, particularly in the carboxyl domain, which contains six ␤-strands forming a large ␤-sheet (21, 22) . The leucine-rich domain is located in the ␤-sheet. The secondary structure of hBVR further predicts a structure resembling the conserved pleckstrin homology domain, a characteristic of scaffold proteins (23, 24) . Those proteins either recruit enzymes into signaling networks or assemble them in proximity to their substrates (24) . Tyrosine is phosphorylated by insulin-activated IRK in two hBVR consensus SH2-binding motifs: Y 198 MKM and Y 228 LSF (1) . YMXM and YS/T motifs provide the docking sites for SH2 domain adaptor signaling proteins such as Grb-2, the GAB1 adaptor protein (24) . The C-terminal ␣-helix of hBVR contains a sequence, K 275 KRILHCLGL, similar to the D-(␦) box/domain found in ERK1/2 and JNK substrates; it has a conserved consensus sequence, (R/K) 2 X 2-6 L/IX 1 L/I (12, 25) . The D-box sequence does not confer substrate specificity for MAPK/ERK subfamilies by itself. A second sequence, FXFP or C-box, provides the specific binding and substrate recognition site for ERK (25) . The C-box is identical to the hBVR F 162 GFP sequence. The presence of this sequence in the Elk subfamily of ERK substrates ensures high-affinity binding of these proteins to ERK (25) . Both hBVR and Elk1 are transcription factors with overlapping target genes: Elk1 is an ETS-domain transcription factor that binds to target promoters after phosphorylation and dissociation from ERK (26) , whereas hBVR is a bZip transcription factor and binds to 7/8-bp AP1 sites (10) . A comparison of hBVR and Elk1 primary structures is presented in supporting information (SI) Fig. S1 .
Based on the noted features and functions of hBVR, we hypothesized that it plays a critical role in ERK/Elk nuclear signaling. The study, using a combination of in vitro and in-cell approaches, has identified hBVR as the ERK activator, nuclear transporter, and regulator of the MEK/ERK/Elk-signaling cascade. Data suggest that hBVR plays a pivotal role in the regulation of gene expression in response to the activation of the MAPK pathway by extracellular stimuli.
Results hBVR Binds to and Activates ERK1/2 and Is Phosphorylated by ERK1/2.
We examined the interaction of ERK and hBVR by using the immunoprecipitation (IP) assay approach. Cell lysates transfected and treated with hBVR and IGF1, respectively, were IPed with antibody to ERK1/2 and were analyzed by Western blotting for the presence of hBVR. Fig. 1a shows that hBVR, together with ERK2, was present in the IP after IGF1 treatment, but not in the IgG control. Next, whether hBVR activates ERK1/2 and whether ERKs phosphorylate hBVR were examined by using assay conditions that do not support hBVR kinase activity (1, 5, 6) . ERK1/2 autophosphorylation was stimulated in the presence of hBVR, and a concurrent increase in hBVR phosphorylation was evident (Fig.  1b ). An increase in ERK autophosphorylation was concentrationdependent (Fig. S2) .
To establish that activation of ERK is solely the result of hBVR binding, ERK kinase activity was measured by using kinasedeficient hBVR (V 11-14 3A, G 17 3A). Nearly identical activation was observed with the mutant and wild-type (wt) hBVR as assessed by autophosphorylation (Fig. 1c) and by phosphorylation of MBP substrate (Fig. 1d) . Activation of ERK by hBVR was neither an in vitro phenomenon nor cell line-specific because H9C2 rat cardiomyoblasts transfected with hBVR displayed a similar enhancement of ERK kinase activity as HEK293A cells (Fig. S3 ).
hBVR Forms a Ternary Complex with ERK and MEK and Activates MEK in Cells. Because ERK is activated in vivo by MEK1, the above observations raised the question of whether hBVR was acting independently of MEK1 or participating in the MEK1/ERK activation complex. For this, lysates obtained from cells cotransfected with hBVR and MEK1-HA expression plasmids and treated with IGF1 were IPed with anti-hBVR. The IP was examined for the presence of MEK1 and ERK2 by Western blotting by using antibodies to HA and ERK2. IGF1 treatment of cells resulted in a rapid increase in the levels of both MEK1 and ERK2 in the IP (Fig.  2a) . Next, inquiry was made as to whether hBVR activates MEK1 and vice versa. For these studies, both c-Raf-activated and nonactive MEK1 proteins were used; MEK enzymes require activation by a MEK kinase (such as c-Raf) that phosphorylates two S/T residues in MEK, after which MEK is able to target ERK at a TXY sequence in the activation loop. These studies used both wt hBVR and the kinase-deficient form of the protein. Fig. 2b shows the presence of wt hBVR or the mutant equally stimulated autophosphorylation of MEK1. MEK autophosphorylation was not detected by using nonactivated MEK1. MEK was not a substrate for hBVR under assay conditions that support hBVR autophosphorylation (Fig. 2c) . Collectively, the findings of Figs. 1 and 2 indicate that hBVR activates both ERK and MEK1; however, although it is not a substrate for MEK, it is a substrate for ERK. noted in Fig. 3a , hBVR alone significantly stimulated Elk1-dependent transcription, and the extent of activation was similar to IGF1. Elk1 stimulation was not further increased when both hBVR and IGF1 were present. Subsequently, a dominant-active MEK1 was used to define whether hBVR activates Elk1 independent of upstream activators of MEK1 in cells cotransfected with MEK1 expression plasmid and hBVR or MEK1 alone (Fig.  3b) . The presence of hBVR significantly increased promoter activity, suggesting that hBVR activates Elk1 parallel or downstream of MEK. Whether hBVR acts downstream of MEK1 was further examined by treating cells with the MEK1/2 inhibitor UO126 or the specific MEK1 inhibitor PD98059 and then testing whether Elk1 inhibition could be rescued by the overexpression of hBVR. As expected, both compounds significantly inhibited Elk1-activated transcription. However, the inhibition was not overcome by hBVR, suggesting a parallel interaction of hBVR with MEK1 in enhancing Elk1 activity. Because hBVR activates both ERK-and Elk1-dependent transcription activity, it was essential to examine whether hBVR directly activates Elk1 or the activation of Elk1 is mediated as a result of ERK activation by hBVR. Fig. 3c shows that the inclusion of hBVR in the ERK in vitro kinase reaction containing Elk1 resulted in significant increases in phosphorylation of both ERK1 and Elk1; the extent of activation of Elk1 is striking. The increase in Elk1 phosphorylation was not the result of hBVR kinase activity (Fig.  3d) . Accordingly, this finding further indicates that hBVR activates Elk1 via the MAPK pathway at the level of MEK1.
hBVR Activation of ERK Is Dependent on its C-and D-box ERK1/2 Docking Sites. hBVR's role in ERK activation was tested by flow cytometry by using a FITC-conjugated antibody to a phospho-ERK1/2 peptide phosphorylated within the activation loop on T 185 and Y 187 . As noted in Fig. 4a , wt hBVR overexpression caused an Ϸ2-fold increase in the proportion of cells stained for phospho-ERK1/2 in both control and IGF1-treated cells. Comparably, the activation of ERK by IGF1 was attenuated in the presence of the C-box mutant. Next, the relevance of the hBVR D-box to ERK activity toward MBP as a substrate was examined. In the presence of the D-box mutant hBVR, IGF1 failed to activate ERK activity (Fig. 4b) . Further support for the significance of hBVR to the activation of Elk was provided by the observation that si-hBVR blocked the activation produced by wt hBVR or IGF1. That a scrambled siRNA (sc-hBVR) was ineffective in blocking ERK activation validated the observation.
In the next experiment, the effects of hBVR C-and D-box mutants on Elk1 activation were examined. The expected activation of Elk1-dependent transcriptional activity by hBVR was observed (Fig. 4c) . However, such a response was not elicited in cells transfected with C-or D-box mutant hBVR, and indeed the response markedly decreased after transfection with D-box mutant plasmid.
That the two potential ERK docking domains of hBVR are in fact the interaction sites between hBVR and ERK was confirmed by using peptides that encompassed the hBVR C-box (FGFPAFSG) and D-box (KKRILHCLGLA) in experiments that measured ERK activity and Elk1-dependent transcription. Fig. 4d shows that the kinase activity of ERK1 using MBP as the substrate decreased in the presence of either peptide. Experiments that assessed Elk1 activation in the cell by IGF1 confirmed the finding (Fig. 4e) . As noted in Fig. 4e , the C-box peptide blocked the activation of ERK. Collectively, the findings with peptides suggest the likelihood of peptides binding and blocking the substrate-binding site and/or changing ERK's conformation, resulting in reduced access to substrate.
Because Elk S/TP motifs located near the C-box (Fig. S1 ) are the targets of ERK kinase activity, we examined whether the S 211 P motif in hBVR is a target of ERK phosphorylation. In addition, S 230 in YLSF that flanks the hBVR NLS also was tested. This motif is one of the SH2-binding domains of hBVR and also is involved in its interaction with PKC. Unlike the Elk1 S/TP motifs, the unexpected finding was that the S 211 mutation did not decrease hBVR phosphorylation by ERK, whereas the S 230 mutation significantly decreased phosphorylation of hBVR by ERK (Fig. S4 ). The finding with S 230 is consistent with the possibility that the YLSF motif is of significance in the insulin/IGF1/ERK activation loop. As predicted by the solved crystal structure of rat BVR (21, 22) , in the human protein, S 211 , unlike S 230 , is not in a favorable position to be accessed by ERK.
hBVR Is Essential for the Activation of Elk1. In the next series of experiments, the effect of reducing the cellular concentration of hBVR in cells infected with the siRNA construct, or transfection of cells with its kinase-deficient hBVR mutant, on Elk1-dependent transcription was examined. These experiments used control cells or cells treated with IGF1. As noted in Fig. 5a , si-hBVR and mutant hBVR blocked the IGF1-mediated increase in Elk1 activity. The si-hBVR was more effective in blocking activation than the kinasedeficient hBVR, an observation that emphasizes the role of endogenous hBVR in Elk1 activation. Results of the following experiment defined hBVR as the integral component of the ERK/ MEK1 activation complex for Elk1-dependent transcriptional activity. In this experiment, native cells infected only with si-hBVR and treated with IGF1 were IPed with anti-MEK1; cells infected with sc-hBVR served as controls. As noted in Fig. 5b , the level of ERK in the IP that was obtained from IGF1-treated cells was remarkably reduced in the presence of si-hBVR. The decrease in the amount of ERK in the IP was not due to differential loading of the sample, as indicated by the observation that the MEK1 level, as assessed by Western blotting, was essentially equal in all samples. This observation was further validated by the finding that the amount of IPed ERK was indistinguishable in IGF1-treated control cells and those cells treated with IGF1 and infected with inactive sc-hBVR.
The Reductase Is a Nuclear Transporter of ERK. As noted above, the essential step in the activation of Elk1, and thus the transmission of stimuli in regulation of cell proliferation by the ERK1/2, is the nuclear translocation of the activated form (27, 28) . A previous study showed that the hBVR NLS motif is functional in its nuclear translocation (6) . We examined whether the NLS functions in transport of a complex of hBVR with another protein, ERK, into the nucleus. Also investigated was whether the consensus NES motif is functional and participates in nuclear trafficking of the ERK/hBVR complex. In the first series of experiments, confocal microscopy was used to visualize the cellular localization of hBVR and phosphorylated ERK. As depicted in Fig. 6a , in untreated cells, EGFP-hBVR and phosphorylated ERK were located primarily in the cytoplasm. IGF1 treatment of the cells resulted in the redistribution of both proteins between the nucleus and the cytoplasm. In contrast, neither the hBVR NLS mutant nor the phospho-ERK translocated to the nucleus. In cells expressing the hBVR NES mutant, it is apparent that there is significant accumulation of hBVR in the nucleus, which is accompanied by concomitant accumulation of phospho-ERK. Notably, a similar observation (i.e., accumulation of phospho-ERK and MEK1 in the nucleus) has been made for MEK1 with a disrupted NES (29) . Analysis of Elk1 reporter activity (Fig. 6b ) in cells transfected with wt hBVR or its NLS or NES mutants agrees with the confocal microscopy data and confirms the relevance and functionality of the hBVR targeting sequences to ERK nuclear localization and activity. To confirm that hBVR translocates into the nucleus, a second method of analysis was used by comparing the level of hBVR in the cytosol and nucleus in cells transfected with EGFP-hBVR plasmid and treated with IGF1. Measurement of hBVR signal in the enriched nuclear fraction and the cytosol confirmed the confocal microscopy data (Fig. S5 ).
Discussion
The primary structure of hBVR possesses an unprecedented array of consensus regulatory motifs, many of which are functional and account for the diversity of its roles in insulin/IGF1/MAPK signaltransduction pathways (1, 5, 6) . Relying on the endogenous ERK, in this study, by disrupting consensus sequences of NES, NLS, Cand D-box ERK-binding domains, ATP-binding pocket, or ablating hBVR, we have assembled reliable evidence for two integrated mechanisms by which hBVR regulates ERK nuclear activity: One solely involves protein-protein interaction, whereas the other function requires both its kinase activity and binding. We show that kinase-competent hBVR exerts control over the nuclear activity of the signaling pathway by functioning in the nuclear import/export of ERK. In doing so, hBVR alone can mimic functions that have been ascribed to several proteins. In this capacity, hBVR links the cytoplasmic events to nuclear processes that result in the induction of genes involved in cell proliferation and differentiation. Noteworthy, too, is the reductase activity of the enzyme that provides the sole source of bilirubin while rescuing the activity of enzymes and kinases that are inhibited by biliverdin, including that of HO-1. Bilirubin is an inhibitor of inflammatory responses and mitogen-induced reactive oxygen species (ROS) production; activation of ERK1/2 by ROS is among the cellsignaling events that lead to the induction of the cytoprotective gene
HO-1 (14) (see SI Text).
hBVR, like the Drosophila KSR protein (kinase suppressor of Ras) (30) and the MEK partner 1 protein (MP1) (31) , is an activator of MEK and, as suggested by our data, a partner in linking ERK to activation by MEK. hBVR functions upstream of ERK within the MEK/ERK module and interacts with both MEK and ERK to form a complex as is indicated by the observation that the cell lysate IPed with antibody to hBVR contained hBVR, MEK, and ERK; in the complex, hBVR functions as a scaffold. Although it is neither a substrate (Fig. 2b) , a substitute (Fig. 3b) , nor a kinase for MEK (Fig.  2c) , MEK activation of ERK is blocked by inhibitory si-hBVR (Fig.  4b) . As a scaffold, it appears that hBVR, by binding to the two proteins, places ERK in a position that allows its activation by MEK. This is not intended to suggest that the assembly is made only of MEK/ERK/hBVR. Furthermore, because inhibitors of MEK also inhibit Elk1-dependent transcription, the binding places hBVR parallel to MEK in the MAPK-signaling network.
In light of the present observations, the question may be raised as to why involvement of hBVR in the nucleus import and export of ERK was not uncovered in the course of previous studies. This, we suggest, reflects the fact that, although hBVR is ubiquitously present in tissues, it went undetected because of the unavailability of antibodies to hBVR for studies that primarily rely on the IP approach.
Downstream of ERK, hBVR shares certain structural similarities with Elk1 (Fig. S1 ) by having two ERK-binding sites that allow high-affinity binding between ERK and its substrates. These are the D-box docking site, which is common to all MAPK substrates, and the second substrate binding site, FXFP, which is specific to ERK1/2 and is exposed to activated ERK (12, 25) . The two sites function additively, with the FXFP site imparting high-affinity binding to ERK. Our data suggest that the common denominator for the activity of hBVR in the cytosol and the nucleus is its high-affinity binding to ERK and the ability to exchange a second binding partner depending on cellular location. In the cytosol, hBVR is a component of a ternary complex with MEK/ERK; upon activation, ERK is released from MEK with the high-affinity hBVR/ERK complex entering the nucleus where a new ternary module of hBVR/ERK/Elk is formed. The proposal also is consistent with the following notion: There is no FXFP ERK docking site in MEK1, which would limit docking to the low-affinity D-domain of MEK. Upon ERK phosphorylation, the MEK/ERK complex dissociates, with MEK staying in the cytoplasm (19) . The proposed mechanism is supported by the following data: (i) IP experiments demonstrate that hBVR antibodies coprecipitate the antigen together with MEK and ERK; (ii) in the presence of hBVR, there is a striking increase in the phosphorylation of Elk and activation of Elk1-dependent transcription; and (iii) si-hBVR hinders Elk1-dependent transcription activity. A schematic presentation of the findings is provided in Fig. 7 .
The present findings, together with previous data demonstrating the activation of PKC␤II and PKC through protein-protein interaction with hBVR, independent of hBVR kinase activity (5, 6) , suggest that physical interaction among hBVR and components of the signaling network is an important mechanism for the integration and transmission of extracellular signals to stimulate transcriptional activity. Here we found that transfection with hBVR plasmid was as effective as IGF1 in stimulating ERK activation of Elk1 reporter activity (Fig. 3 a and b) . That an inactive kinase functions as a scaffold molecule independent of kinase activity is not unprecedented. For example, KSR1 also possesses kinase activity, which is not relevant to its role as a MEK/ERK scaffold protein (30) . Accordingly, we propose that the scaffolding and kinase functions may be more or less important depending on the cellular localization, but that both activities are essential for the full range of signaling activity.
In conclusion, the present study reveals the multidimensional input of hBVR in the regulation of extracellular-regulated MAPK signaling that encompasses functions attributed to several proteins and, as such, points to the likelihood of hBVR being a central component of signal transduction in mammalian cells.
Materials and Methods
Materials. hBVR-based myristoylated peptides K 275 KRILHCLGLA (D-box) and F 162 GFPAFSG (C-box) were synthesized by EZBiolab. MBP, MEK1 proteins, and antibody against MEK1 were obtained from Upstate Biotechnology. Sources of ERK1 and ERK2 active proteins and antibodies were EMD and BD Biosciences, respectively, while monoclonal anti-ERK2, anti-phospho-ERK1/2, and Elk1 fusion protein (amino acids 307-428) were from Santa Cruz Biotechnology. Polyclonal anti-human BVR antibodies were generated as before (9) . HA antibody and A/G agarose beads were from Santa Cruz Biotechnology. UO126 and PD98059 were obtained from Calbiochem. P P BVR BVR P P ERK P P BVR P P ERK P P ERK P P P BVR BVR P P P P ERK P P P BVR P ERK P P ERK P P P P BVR P P BVR P P ERK P P P BVR P ERK P P ERK P P P P BVR P P BVR P P ERK P P Elk P P BVR P ERK P P ERK P P P Elk P Elk P P P BVR P P P BVR P P Raf P P Ins./IG F recept or Ins./IG F recept or 
